Abstract The paper presents water-quality evaluation based on an 8-year monitoring programme in the Gdansk Municipality region, on the Southern coast of the Baltic Sea. The studies were carried out from 2000 to 2007 by surface water analysis at 15 various sites within eight watercourses. Sampling sites included rather urbanized or developed lands, farming fields and nonpolluted city recreational areas such as parks and forests. Most of the watercourses were sampled monthly at two locations, one within the upper course of the watercourse and the other near its mouth. In all samples, eight parameters of water quality were determined: total suspended solids, dissolved oxygen, water temperature, oxygen saturation, 5-day biochemical oxygen demand, chemical oxygen demand, total phosphorus and total nitrogen concentration. Interpretation of the obtained results revealed that examination of those basic physicochemical parameters permits to discriminate initially watercourses with respect to level of water contamination. During the research, a large dataset was obtained and it was described by both basic statistical parameters and chemometric method of cluster analysis. The paper presents relations between analysed parameters and influence of land exploitation mode on water quality and describes variation of the results both in space and time.
Introduction
Water is the most common and widespread chemical compound in nature which is a major constituent of all living creatures. It is essential for metabolism and many accompanying processes in cells, and what is more, for many organisms, it constitutes the only habitat for life. Natural surface waters are a solution of many non-organic and organic compounds, colloids, suspensions of natural or anthropogenic origin (Dojlido 1987) .
The quality of water is of great importance also for human lives as it is commonly consumed and used by households. In industry, it serves as a solvent, substrate or catalyst of chemical reactions (Goncharuk 2008; Holt 2000; Van Leeuwen 2000; Petraccia et al. 2006) . To minimise health hazards, an extensive monitoring programme of surface water quality within limits of Gdansk Municipality, located on the southern shore of the Baltic Sea, was introduced. The examined watercourses flow through areas that significantly differ, not only with regard to natural landscape but also to the type of the surrounding land development. The watercourses have also different hydrological characteristics. The performed monitoring programme generated a large database of results which was assessed by basic statistical parameters in order to describe variation of analysed parameters in particular years and determine pollution levels of water from respective watercourses, taking into consideration land exploitation mode.
Agglomerative hierarchical cluster analysis (CA) was applied for a detailed interpretation of the results. CA is an extremely useful tool which supports interpretation of large and multidimensional sets of environmental data. In this paper CA for the results explanation was selected because contrary to other pattern recognition techniques (e.g. principal components analysis) it accounts for the whole variation in the data and no simplification of the information is necessary (Hill and Lewicki 2006; Otto 1999; Vega et al. 1998) .
The utility of CA is confirmed in many papers regarding quality of surface waters (Zhang et al. 2009 ). CA can assist in classification of sampling stations in accordance with similarity of chemical composition of water (Giridharan et al. 2009 ). When applied for different watercourses, it supports recognition of regions with similar physicochemical properties of water and enables detection of factors controlling water quality. Examples of CA application are included in papers concerning rivers in Northern Italy (Reisenhofer et al. 1998 ) and Northern Greece (Simeonov et al. 2003) . In both cases, analysed samples of water were grouped into four distinct clusters collected from various watercourses and with different water quality.
In this paper, CA was applied to describe variation among samples collected from each watercourse in the whole study period. In such case, CA permits to determine whether water quality can be modified with the watercourse flow and allows identification of areas with specific properties of water. Samples collected from one watercourse can be grouped into two-clean and polluted, or three-clean, highly and medium polluted clusters representing similar water properties (Brogueira and Cabeçadas 2006; Chang 2005; Kannel et al. 2007; Reghunath et al. 2002) . Marengo et al. (1995) mentions application of CA for samples from Lagoon of Venice collected from various sites and at different seasons of the year. In this instance, it was concluded that location of sampling point rather than a season of sample collection determines clustering of the results.
Experimental
The Gdansk Municipality lies on the southern coast of the Baltic Sea, in Northern Poland. It is characterized by a temperate climate with four clearly differentiated seasons. Winters are moderately severe with mean daily temperatures of −3.4
• C in January; summers are mild with mean temperature of 21.3
• C in August and frequent Fig. 1 Map of the study area and locations of the monitoring stations that provided data for the present study rain or thunderstorms. Monthly rainfall varies from 17.9 to 66.7 mm. Figure 1 shows map of the study area with monitoring stations used to provide the study data. All watercourses in the study area enter the Gulf of Gdansk via Dead Vistula River, only Jelitkowski Stream flows directly into the Gulf of Gdansk in the Jelitkowski Park. Table 1 presents names of eight watercourses covered by this study, their general characteristics as well as geographical coordinates of the sampling stations.
The sampling points were selected in such a way that one of them was situated farthest upstream (labelled by adding letter "a"), the other point was near the mouth. The exception was Rozwojka Canal sampled only at one point. The water samples were collected from 2000 to 2007. From each watercourse, with the exception of Rozwojka Canal, two samples were taken monthly from the mainstream, at the depth about 20 cm using plastic scoop. On rare occasions, when it was not possible to collect samples from the mainstream of the watercourse (Dead Vistula River and Motlawa River), the samples were taken at the distance equal to maximum length of the scoop arm, (about 3 m) from the river bank.
In all samples, eight parameters characterising the quality of water were analysed: total All physicochemical parameters of water were determined immediately upon arrival of the samples at the laboratory. Sample storage was avoided because it might have changed the chemical composition of water.
All dendrograms in cluster analysis were plotted using Ward's method (Hill and Lewicki 2006; Otto 1999) . Euclidean distance was applied for clustering of water samples (Fig. 5) ; for clustering of variables (Fig. 4) , 1-r Pearson distance was used. All data were initially standardized through z-score transformation (Marengo et al. 1995) , and then statistical and mathematical calculations were performed using version 8.0 of the Statistica software (StatSoft Inc., Cracow, Poland) and Microsoft Office Excel 2003 spreadsheet (Microsoft Corporation, Warsaw, Poland). For dendrograms shown in Fig. 5 , the number of significant clusters was determined using the more restrictive Sneath's index criterion, at 1/3 of the maximum distance D max (Astel et al. 2007 ).
Results and discussion
Physicochemical characteristics of the studied watercourses A statistical description of eight physicochemical parameters determined in Gdansk Municipality region for consecutive years of study from 2000 to 2007 is presented in Fig. 2a-f , whereas for different watercourses in the whole study period in Fig. 3a -f. In the study, over 1,300 samples of water were collected and analysed, what produced a large database of more than 10,500 results. Figures 2 and 3 are whisker plots which present Table 1 , units are given in Table 2 minimal Table 2 The assessment of water quality is into Polish legal system. WFD mainly highlights on biotic components of the European Waters; however, chemical monitoring is also taken into account as an effective source of information (Ocampo-Duque et al. 2006) . The values for the first and second class of water had been marked in the whisker plots; inferior water quality classes had not been assigned.
From Figs. 2a-f and 3a-f, it can be concluded that the quality of examined waters is relatively good. They are well-oxygenated, with median DO values in the first class of water quality; median TSS content is also within the first class according to Polish standards, below 10 mg/L for most years and majority of watercourses. The nutrient (TN, TP) concentrations are within the limits for the first class of water quality; however, since 2006, a significant increase in the TN content should alarm the local authorities. In Fig. 3e , elevated concentrations of TN rather do not refer to Strzyza Stream and Jelitkowski Stream. The results for TP concentration in consecutive years are quite variable, with many extreme and outlying values (Fig. 2f) . This is for the most part caused by elevated TP concentrations detected for the two watercourses: Dead Vistula (site 3a) and Rozwojka (site 4). In case of Rozwojka, high TP values might be attributed to low flow conditions and urban run-off. For site 3a on the Dead Vistula River, high TP concentrations are caused by a release of phosphorus to the water from the phosphogypsum waste dump in Wislinka district, situated near station 3a. Considering the rapid water flow in Dead Vistula River (from 600 to 1,200 m 3 s −1 ) and its depth of more than 5 m, it can be concluded that the amount of phosphates delivered to water from the waste dump in Wislinka cannot be neglected.
The analysed waters are characterised by rather high organic matter content. It refers to both organic matter biodegraded by organisms in biochemical processes (BOD) or oxidised by a strong chemical oxidant such as permanganate (COD) (Xia et al. 2005) . BOD and COD values for the examined waters were in the second or close to the second class of water quality; some improvement can be observed from year 2004. Elevated organic matter content was observed in the warm season; therefore it may be concluded that intensive organic matter production and a high rate of photosynthesis are the main causes of elevated BOD and COD values. Figure 3a -f shows that physicochemical properties of water from the two watercoursesJelitkowski Stream and Rozwojka Canal, noticeably differ from the others in the area of Gdansk Municipality. The Jelitkowski Stream (sites 7, 7a) can be distinguished from all watercourses by the lowest load of pollution. In the whole study period, this watercourse had the lowest levels of organic pollution (BOD and COD). Moreover, in Jelitkowski Stream, the lowest concentrations of TN and TP were determined. Jelitkowski Stream contained the least TSS content; water from this watercourse was also well saturated with oxygen (high DO). Good quality of water in case of Jelitkowski Stream can be attributed to the fact that it flows through protected area of a Tricity Landscape Park and a few recreational parks. The second watercourse with an outstanding water quality is Rozwojka Canal. In the whole study period, most physicochemical parameters of its waters had median values in the second class of water quality or below, the only exception was noticed for TSS and TN values. This refers especially to DO concentration and organic matter content (BOD, COD) and may indicate considerable contamination of water (Olajire and Imeokparia 2001) . Pollution of water in Rozwojka Canal (site 4) and the highest median value of water temperature (T) might be caused by an inflow of drainage waters or treated wastewater from the nearby oil refinery or the refinery's wastewater treatment plant. Effluents from the oil refinery cannot be easily flushed away because of a relatively low or at times even no flow of water.
Radunia Canal, Motlawa River and Strzyza Stream belong to rather clean watercourses, with similar physicochemical properties. Examination of water quality in those watercourses allows concluding that in the investigated area fields and farming areas (Radunia Canal, Motlawa River) do not contribute to increase in water pollution or higher concentrations of biogenic substances. In case of Strzyza Stream, vicinity of shipyard, power station and storage place for ashes from the power station also does not remarkably worsen the water quality.
More polluted seem to be the three remaining watercourses: Dead Vistula River, Siedlicki Stream and Orunski Stream. Deteriorated water quality in the Dead Vistula can be caused by the fact that it is an artificial canal that intersects Vistula River, the largest River in Poland, which flows through the whole country and accumulates vast quantities of various origins pollution (sewage, wastewater, urban and agricultural runoff). Both Siedlicki Stream and Orunski Stream have similar hydrological properties with rather low flow of water (0.06 and 0.03 m 3 s −1 , respectively) and average depth of only 0.2 m. In case of both streams, one sampling point, close to mouth, was situated in the city centre park; however, such a poor quality of water in those watercourses is attributed to their flow through wastelands or privately owned rural or suburban lands, often developed for gardening or used as a second home. Because these lands are not served by a sewage system and are often managed agriculturally, water quality is at higher risk.
Relations between physicochemical parameters of water
Relations between the physicochemical parameters measured in all water samples in the whole study period are explained on the basis of the values of linear Pearson's correlation coefficients presented in Table 3 . Analysis of correlation coefficients ( p = 0.05) shows that some common relations only for variables describing oxygen conditions of water can be noticed. The value of correlation coefficient equals -0.66 for the pair DO and T, and 0.83 for DO with OS. It can be explained by the fact that OS is calculated based on DO, taking into consideration the values of temperature, atmospheric pressure and water salinity (Chang 2005; Yunus and Nakagoshi 2004) . It is though not surprising that the relation between DO and water temperature (T) is inversely proportional; with the increase of temperature the value of DO decreases (correlation -0.66). DO and OS depletion occurs also with an increase of BOD and COD values, another pair of intercorrelated variables. The COD with BOD correlation can be explained by the fact that BOD represents labile organic matter which undergoes biotic decomposition and is a part of COD. COD describes total organic matter content, which is oxidised by a strong oxidant (Almeida et al. 2007) . A positive correlation of 0.70 between BOD and COD might suggest that regardless the season of sampling relation between these two variables is constant.
The values of correlation coefficients between the other physicochemical parameters of water are statistically non-significant ( p = 0.05). However, it is worth to point out that the values of correlation coefficients were calculated on the basis of a huge number of pairs of the results (>1,300), what considerably increases the their level of significance. Moreover, the studies carried out through the long period of 8 years, are of environmental character and are described by high variability, with frequently observed extreme and outline values, what also significantly influences the correlation coefficients.
Application of CA, a chemometric method of data exploration, broadened and confirmed information about relations between investigated variables. Figure 4 shows dendrogram presenting the clustering of the analysed variables. It can be observed that the lowest agglomeration distance, Table 3 Correlation matrix for studied parameters, data from the whole study less than 15% of the maximum distance D max is noticed for the two pairs of variables: DO with OS, and COD with BOD. For these two pairs of the results, also the highest positive values of correlation coefficients were noted. Different results variation was observed for the pair of DO and OS. Both variables attach the other physicochemical parameters of water at the maximum distanceD max . It was also reflected in the values of their linear correlation coefficients. DO as well as OS are negatively correlated to all other variables, and this is why they form a separate cluster on the left side of the dendrogram.
The remaining variables are found on the right side of the dendrogram. COD and BOD were grouped in a common cluster at a distance less than 40% of the maximum with the TSS and T. This means that TSS to some extent is made up of organic compounds, and also that the values of COD, BOD and TSS can change seasonally accompanied by the change of T.
OS and DO concentration are found in a different cluster than BOD and COD, what can be explained by the fact that high values of OS and DO are usually associated with low values of COD and BOD in case of clean natural waters, opposite situation for polluted waters occurs (Ekpo and Inyang 2000) .
Separate cluster for the pair of TN and TP was also formed. This cluster at the distance of 55% of the maximum D max is attached to cluster created by the variables: COD, BOD, T and TSS.
The fact that TN, TP, COD, BOD, T and TSS were included in a common cluster on the right side of the dendrogram may imply that those variables are involved in the processes of production and mineralization of organic matter. In this cluster, variables with low values of Pearson's linear correlation coefficients are present, what indicates that some relations of a non-linear character can be noted.
CA of water samples originating from particular watercourses CA was also applied to provide a visual presentation of clustering of all samples collected from a particular watercourse. CA supports detection of regularities or inner relations in the whole studied database.
The way of samples from particular watercourses (Radunia Canal and Rozwojka Canal, Dead Vistula River and Motlawa River as well as Strzyza, Siedlicki, Jelitkowski and Orunski streams) grouping considering eight studied variables (TSS, DO, T, OS, BOD, COD, TP, TN) in a simplified form is shown in Table 4 . The detailed analysis of these data revealed that two watercourses Rozwojka Canal and Strzyza Stream exhibit the lowest variability of the results because only two and three clusters were formed respectively. The highest number of five clusters was detected for the samples collected from Jelitkowski and Orunski Stream. The results obtained for the other four watercourses: Radunia Canal, Dead Vistula River, Motlawa River and Siedlicki Stream, enabled discrimination of four clusters with different physicochemical water properties. The dendrograms of results from a particular watercourse permitted to observe differences in physicochemical properties of water between two, sampling sites within one watercourse. The data presented in Table 4 suggest that the least differences were noticed for the samples from two stations (5, 5a) on a Motlawa River. In each cluster, there are a similar number of samples collected from both stations situated in the upper (5a) and lower (5) Eight water parameters listed in Table 2 were determined at each sampling site. Site locations and characteristics are described in Table 1 . Data in the table represent the number of samples that were grouped into a given cluster River (sites 3 and 3a) and Orunski Stream (sites 8 and 8a) samples differences in water composition from the two sampling sites were not significant. Therefore, it can be concluded that rivers transferring considerable amounts of water (Motlawa, Dead Vistula) have more stable composition due to higher ability for self-purification and are more resistant to inflow of pollutants or more polluted water from other watercourses. The highest diversity of results between two stations 2 and 2a was detected for Radunia Canal. Most of the samples collected from station 2 were arranged in cluster IV, while samples from the site 2a were found mainly in clusters I and III. In contrast to the samples originating from the station 2, the samples from the station 2a, located in the upper course of the canal were characterised by lower concentration of TSS and DO, smaller degree of organic matter pollution (COD, BOD) and biogenic compounds (TN, TP). It was attributed not only to seasonal small flow or low water level in the Radunia Canal but also inflow of water from Orunski Stream and Siedlicki Stream, what can modify water properties of Radunia Canal at its mouth to the Motlawa River. Analysis of dendrograms in Fig. 5a -d plotted for samples collected from the particular watercourses indicated that a month of sample collection may influence the arrangement of samples into clusters. Grouping of samples in two periods was observed: warm, spring-summer, approximately from May to September, and cool, autumn-winter, more or less from October to April. Seasonal patterns were detected mainly for DO and OS with maximal values in cool season, accompanied by minimal values of COD and BOD. Similar observations were made by Simeonov et al. (2001) . The exception was year 2005, for which most of the samples were grouped into one cluster. In dendrograms plotted for the watercourses Rozwojka Canal, Radunia Canal and Jelitkowski Stream, the samples collected in cool period of the year were located in the right side of the plots (example on Fig. 5a ). In case of Orunski Stream and Dead Vistula River the opposite situation was noticed with the samples from the colder period of the year on the left side of the dendrograms (Fig. 5b) . The samples collected from three watercourses: Strzyza Stream, Siedlicki Stream and Motlawa River, have also tendency to cluster in accordance with the period of their collection. This can take place either within certain clusters (Strzyza Stream, Siedlicki Stream; Fig. 5c ), or alternately, when clusters I and III group samples from warmer period, whereas II and IV from cool period (Motlawa River; Fig. 5d ). 
Conclusions
Interpretation of the monitoring results revealed that eight analysed water quality parameters: TSS, DO, T, OS, BOD, COD, TP and TN allow to differentiate watercourses according to water quality. It can be also concluded that the quality of examined waters is relatively good with respect to Polish standards of water quality which implement EU Water Framework Directive. Distinctive physicochemical properties of water were noted for two watercourses Jelitkowski Stream and Rozwojka Canal. It confirms that water quality of the watercourses in the region of Gdansk Municipality depends on their location. Jelitkowski Stream flows through forests, Tricity Landscape Park and recreational areas, whereas Rozwojka on her way passes oil refinery and receives inflow of treated sewage and drainage water. Heap of phosphogypsum dump is another source of pollution, releasing phosphorus to water. However, this contamination regards Dead Vistula River -a large river with high flow of water and considerable depth.
Application of cluster analysis revealed that common clusters were formed for the two pairs of variables: DO concentration with OS, and COD with BOD. Moreover, DO and OS are found in separate cluster than other variables. CA showed also that Rozwojka Canal and Strzyza Stream exhibit the least difference of results, while the highest number of five clusters was observed for Jelitkowski Stream and Orunski Stream. In addition, CA demonstrated that the least differences for samples collected from two sampling sites were for the Dead Vistula River, Motlawa River and Orunski Stream. The largest diversity of results between the two stations on one watercourse in case of Radunia Canal was detected. CA also indicated that samples of water are clustered in two periods warm and cool, as a month of sample collection may determine their arrangement into clusters.
Open Access This article is distributed under the terms of the Creative Commons Attribution Noncommercial License which permits any noncommercial use, distribution, and reproduction in any medium, provided the original author(s) and source are credited.
